In this paper, two-dimensional (2-D) hybrid simulations are performed to investigate ion dynamics at a rippled quasi-parallel shock. The results show that the ripples around the shock front are inherent structures of a quasi-parallel shock, and the reformation of the shock is not synchronous along the surface of the shock front. By following the trajectories of the upstream ions, we find that these ions behave differently when they interact with the shock front at different positions along the shock surface. The upstream particles are easier to transmit through the upper part of a ripple, and the bulk velocity in the corresponding downstream is larger, where a high-speed jet is formed. In the lower part of the ripple, the upstream particles tend to be reflected by the shock. For the reflected ions by the shock, they may suffer multiple stage acceleration when moving along the shock surface, or trapped between the upstream waves and the shock front. At last, these ions may escape to the further upstream or enter the downstream, therefore, the superthermal ions can be found in both the upstream and downstream.
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I. Introduction
In a quasi-parallel shock, the angle between the upstream background magnetic field and the shock normal ( Bn θ ) is smaller than 45° (Jones & Ellison 1991) . Due to such a peculiar property, the reflected ions by a supercritical quasi-parallel shock can travel far upstream along the magnetic field, and the resulted plasma beam instabilities can excite various large amplitude low-frequency waves (Fairfield 1969; Russell & Hoppe 1983; Gary et al. 1984; Lin 2003; Eastwood et al. 2004; Blanco-Cano et al. 2009 , 2011 Wilson III et al. 2013; Omidi et al. 2013; Wu et al. 2015) . These waves are then brought back by the upstream plasma towards the shock front. In such a process, the waves begin to steepen and the amplitude is enhanced when they approach the shock front, and at last a new shock front is formed after the waves interact and merge with the shock front (Burgess 1989; Thomas et al., 1990; Winske et al., 1990; Schwartz & Burgess 1991; Scholer & Burgess 1992; Scholer et al. 1993; Schwartz et al. 1992; Su et al. 2012a Su et al. , 2012b . These large amplitude waves play an important role in shock diffusive acceleration (DSA) by scattering the reflected ions across a quasi-parallel shock many times, while DSA is the mechanism responsible for almost universally observed power-law spectra of energetic particles from cosmic rays to gradual solar energetic particle event (Axford et al. 1977; Bell 1978; Blandford & Ostriker 1978; Lee 1983; Zank et al. 2000; Li et al. 2003; Giacaclone 2003; Zuo et al., 2013; Cui et al., 2015) . However, for a particle to be accelerated at a shock by the DSA mechanism, the particle must be sufficiently energetic to become a seed particle of DSA that it can be scattered across all the micro-and macrostructure of the shock many times, and this is well known "injection problem" (Jokipii 1987; Zank et al. 2001; Scholer et al. 2002; Su et al. 2012a; Caprioli et al., 2015; Johlander et al., 2016) .
How thermal ions in the upstream of a quasi-parallel shock become the superthermal ions and then provide the seed particles for the further acceleration by DSA have been thoroughly investigated with hybrid simulations by several authors (Scholer 1990; Scholer & Burgess 1992; Kucharek & Scholer 1991; Su et al. 2012a Su et al. , 2012b Guo & Giacalone 2013) . The superthermal ions at a quasi-parallel shock come from the reflected ions by the shock after they stay close to the shock front and are accelerated for an extended period of time (Scholer 1990; Guo & Giacalone 2013) .
Such a process is considered as the initial state of DSA, and these ions provide the seed particles for the further acceleration by DSA (Scholer & Burgess 1992; Su et al. 2012a; Guo & Giacalone 2013 ). Kucharek and Scholer (1993) further found that the acceleration from the reflected ions to the superthermal ions is mainly due to grad B drift around the shock front. Su et al. (2012a; 2012b) pointed out that the extended stay close to the shock front of these reflected ions is resulted from the trapping between the new and old shock fronts during the reformation of the quasi-parallel shock. These ions are accelerated every time when they are reflected by the new shock front, and at last these ions escape to the upstream and become superthermal ions after the reformation cycle of the shock is finished. These superthermal ions can be accelerated out of the core part as well as the outer part of the velocity space of the incident upstream plasma. The other reflected ions will return to the shock immediately and then transmit to the downstream quickly, and these ions lead to ion heating in the downstream.
However, a 1-D hybrid simulation model can't take into account the influence of the structures along the shock surface on ion dynamics. Recently, the ripples with local curvature variations around the shock front are found to be inherent structures of a quasi-parallel shock, which causes fast, deflected jets in the downstream (Hietala et al. 2009; . The characteristics of such high-speed jets in the downstream of a quasi-parallel shock has already been identified by satellite observations in the Earth's bow shock (Němeček et al. 1998; Savin et al. 2008; Archer et al. 2012; Hietala et al. 2009; Hietala et al. 2012; Plaschke et al. 2013) . In this paper, by performing a two-dimensional (2-D) hybrid simulation, we investigate ion dynamics at a rippled quasi-parallel shock, and the effects of the ripples on both the reflected and transmitted ions are considered.
In this paper, we firstly give the description of the simulation model in Section II; the simulation results are presented in Section III; in Section IV, we discuss and summarize the results. 
II. Simulation Model
e e e p c ne
where e V is the bulk velocity of electrons, and e n is the number density of electrons. The electron pressure is expressed as e e e p n kT = , where e T is the electron temperature and k is the Boltzmann constant.
In the hybrid simulation model, the charge neutrality is assumed. Then, 
The magnetic field can be calculated from Faraday's law:
and
Besides Eqs. (1)- (5), we still need the equation of state of the electrons, which is assumed to be adiabatic, to implement the algorithm of the hybrid simulation model, and the details can be found in Winske (1985) .
Initially, plasma with a fixed bulk velocity ( 4.5 
III. Simulation Results
Ripples with the local curvature variations around the shock front are inherent structures of quasi-parallel shock, and they can be seen clearly in Figure 1 , which plots the total magnetic field at (Scholer & Burgess 1992; Scholer et al. 1993; Scholer 1993; Blanco-Cano et al. 2009; Su 2012a Su , 2012b , and they correspond to the reported ultra-low frequency (ULF) waves in satellite observations (Schwartz et al. 1992; Burgess et al. 2005; Lucek et al. 2008; Eastwood et al. 2005a Eastwood et al. , 2005b Wu et al. 2015) .
The amplitude of these waves will become large as they approach the shock front, and at last a new shock front may be generated. , these particles just begin to interact with the shock front.
The particles in the region "A" interact with the lower part of one selected ripple, while the particles in the region "B" interact the upper part of the same ripple. Figure   4 and 5 respectively plot the evolution of the ions in the regions "A" and "B" (These particles at 121.5 i t Ω = are restricted in the regions "A" and "B" denoted by the red boxes in Figure 3 ) at four different times 121.5 i t Ω = , 161.5, 171.5 and 181.5 i t Ω = .
In both the figures, the left columns represent the positions of particles (the magnetic field is also plotted for reference), the middle columns describe the corresponding velocity distribution ( After the interaction, the particles can be separated into two parts: the particles transmitted into the downstream and the others remains in the upstream, and both of these particles almost move along the magnetic field. Obviously, the ions in the region "A" (in the lower part of the ripple) are easier to be reflected by the shock. As shown in right columns, the particles remains in the upstream can have either negative can be considered as a quasi-parallel shock because the local shock angle (the angle between the local shock normal and upstream magnetic field) is less than 45 0 , and the upstream particles are reflected by the shock more efficiently and easy to escape to the upstream. In region "B", the local shock is more like a quasi-perpendicular shock, and the upstream particles are more difficult to be reflected and escape to the upstream. From the velocity distribution of particles, we can find that the ions are highly accelerated with the maximum velocity ~30 A V after they interact with the shock. Although most of the superthermal ions comes from the ions remaining in the upstream after they interact with the shock, we can still find that a part of superthermal ions come from the downstream. This is different from the 1-D hybrid simulation results of a quasi-parallel shock (Su et al. 2012a) , where all of superthermal ions come from the upstream, and this will be demonstrated in the follows by tracing the trajectories of several typical ions. There is also no surprise that there are more superthermal ions from the region "A" than those from the region "B", because the local shock in the region "A" is more like a quasi-parallel shock. For the particles which transmit into the downstream, their bulk velocity of the particles from the region "B" is larger than that from the region "A". Therefore, the lower part of the ripple tends to not only reflect more upstream ions, but also decelerate more efficiently the transmitted ions.
Because of the different characteristics of transmitted ions after the upstream ions interact with the different parts of a ripple at a quasi-parallel shock, the bulk velocities of these transmitted ions are different along the y direction, which forms high-speed jets observed in the downstream of a quasi-parallel shock by Cluster (Hietala et al. 2009) . In order to demonstrate the generation mechanism of the high-speed jets, in Figure 6 we plot (a) the total magnetic field In 1-D hybrid simulations of a quasi-parallel shock, all of superthermal ions come from the upstream, where these particles are reflected by the shock and get accelerated when they are trapped between the old and new shock fronts until escape to the upstream (Su et al., 2012a) . Here, in 2-D hybrid simulations of a quasi-parallel shock, superthermal ions come from not only the upstream but also the downstream, as shown in Figure 4 . In order to investigate dynamics of these superthermal ions, we follow the trajectories of these particles, and find that there are four different categories. Figure 7 plots a typical ion trajectory of the first category. Figure 7 , the particle is in the upstream, and moves toward the shock. It is reflected by the shock at "A2", and then moves along the surface of shock. At "A3", it leaves the shock and goes to the upstream, however, it is trapped by a wave from the upstream. The wave is steepening when approaching the shock front, and becomes a new shock front until it merges with the old shock front. At "A5", the particle again leaves the shock, and crosses the upstream waves until goes to the further upstream. Please note, here the particle crosses the lower boundary will enter the simulation domain from the upper boundary due to the periodic boundary condition used in the simulation. The particle suffers two acceleration stages: In the first stage (from "A2" to "A3", the particle is reflected by the shock when approaching to the shock front from the upstream and moves along the shock surface; In the second stage (from "A3" to "A5"), the particle is trapped between new and old shock fronts. The acceleration process is similar to that in 1-D quasi-parallel shock, which has been demonstrated clearly by Su et al. (2012a) , except that now in 2-D simulations the particle can move along the shock surface and escape easily to the upstream due to the inhomogeneity of the shock front and upstream waves along the y direction. reflected by the shock, the particle is accelerated when moving along the shock surface and trapped between the new and old shock fronts. However, after the particle escape to the upstream, it can be trapped again by the wave in the further upstream and suffers acceleration process more than two stages. At last, the particle may escape to the further upstream (see Figure 9) , or cross the shock and go to the downstream (see Figure 10 , which plots a typical ion trajectory of the fourth category). Figure   10 In summary, the superthermal ions are those particles reflected by the shock and get accelerated when moving along the shock surface and then trapped between the upstream waves (or new shock front) and the shock front. At last, those particles may escape to the further upstream or enter the downstream. Therefore, the superthermal ions can be found in both the upstream and downstream. About 20% of the superthermal ions are found in the downstream, and 30% suffer acceleration process more than two stages. In general, the particles can be accelerated to much higher energy if they suffers acceleration process more than two stages than those only undergoing two-stage acceleration process, and it means that the trapping in upstream waves and subsequent acceleration are more efficient than trapping in the new shock front alone. The importance of the upstream waves in the generation of seed particles for further DSA acceleration has already been emphasized with satellite observations (Wu et al. 2015 , Johlander et al. 2016 ).
IV. Conclusions and Discussion
In this paper, 2-D hybrid simulations are performed to investigate ion dynamics at a quasi-parallel shock. Obvious ripples are found to form around the shock front, at the same time, the shock is reforming: a new shock front may appear in the upstream, which is convected to the shock front by the upstream flow, and at last merges with the old shock front. However, the reformation of the shock is not synchronous along the y direction due to the existence of the ripples. When the upstream ions interact with the quasi-parallel shock, their behaviors will be different at different y direction. The upstream ions tend to be reflected in the lower part of a ripple, while they are easier to transmit through the upper part of a ripple. In the downstream corresponding to the upper part of a ripple, the bulk velocity is larger, and then a high-speed jet is formed. Therefore, the observed high-speed jets downstream are the results of the ripples inherent in a quasi-parallel shock. High-speed jets have already been observed by satellites in the downstream of quasi-parallel shocks (Němeček et al. 1998; Archer et al. 2012; Hietala et al. 2012; Plaschke et al. 2013) . The upstream particles tend to be reflected by the shock in the lower part of a ripple. The reflected ions by the shock are accelerated when they move along the shock surface, or are trapped between the upstream waves (include the new shock front) and the shock front.
The particles accelerated by a shock through DSA mechanism is considered to be one of the important sources for observed power-law spectra of energetic particles from cosmic rays to gradual solar energetic particle event. However, in order that DSA mechanism works in a shock, the energy of the particles must exceed a threshold, or the particles need at first to be pre-accelerated to become superthermal particles.
The acceleration of the reflected particles by a shock is considered to provide such a pre-acceleration mechanism. In 1-D simulations of a quasi-parallel shock, the reflected ions are accelerated when they are trapped between the new and old shock fronts during the reformation of the shock. These particles escape from the shock to the upstream after the cycle of reformation is finished, and the superthermal ions can only be found in the upstream (Su et al. 2012a) . Here, in 2-D simulations of a quasi-parallel shock, because of the inhomogeneity of shock front and upstream waves along the y direction, the reflected ions may be leaked to the upstream or the downstream when they are trapped between the old and new shock fronts. The leaked particles to the upstream may be accelerated again due to the interaction with the upstream waves. The superthermal ions can be found in both the upstream and downstream, and they may suffer multiple stage several acceleration. 
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